We demonstrate optical frequency conversion between telecom wavelengths using four-wave mixing Bragg scattering powered by two pump pulses polarized on orthogonal axes of a silicon waveguide. This allows conversion in a single frequency direction while, with co-polarized pumps, the signal is redshifted or blueshifted with similar efficiency. Our approach exploits the birefringence of the waveguide and its effect on the phase matching of the four-wave mixing process. The blue or red direction can be selected by the input polarization of the signal, and 20 dB extinction ratios are observed with the unintended direction. This technique will allow efficient and controlled conversion between specified wavelength channels in integrated photonic devices. Four-wave mixing Bragg scattering (FWM-BS) is a χ 3 nonlinear process that enables the frequency translation of an optical signal by the frequency difference between two stronger pump lasers [1, 2] , as illustrated in Fig. 1(a) . This allows frequency shifts in the range of terahertz or hundreds of gigahertz, smaller than in χ 2 processes such as sum-or differencefrequency generation, where the shift is comparable to the whole frequency of a pump laser, but larger than can be directly achieved by electrically driven modulators. This makes FWM-BS suitable, for example, for shifting a signal between dense wavelength division multiplexing (WDM) channels at telecom wavelengths.
We demonstrate optical frequency conversion between telecom wavelengths using four-wave mixing Bragg scattering powered by two pump pulses polarized on orthogonal axes of a silicon waveguide. This allows conversion in a single frequency direction while, with co-polarized pumps, the signal is redshifted or blueshifted with similar efficiency. Our approach exploits the birefringence of the waveguide and its effect on the phase matching of the four-wave mixing process. The blue or red direction can be selected by the input polarization of the signal, and 20 dB extinction ratios are observed with the unintended direction. This technique will allow efficient and controlled conversion between specified wavelength channels in integrated photonic devices. Four-wave mixing Bragg scattering (FWM-BS) is a χ 3 nonlinear process that enables the frequency translation of an optical signal by the frequency difference between two stronger pump lasers [1, 2] , as illustrated in Fig. 1(a) . This allows frequency shifts in the range of terahertz or hundreds of gigahertz, smaller than in χ 2 processes such as sum-or differencefrequency generation, where the shift is comparable to the whole frequency of a pump laser, but larger than can be directly achieved by electrically driven modulators. This makes FWM-BS suitable, for example, for shifting a signal between dense wavelength division multiplexing (WDM) channels at telecom wavelengths.
In principle, FWM-BS is a noiseless process; the total photon number is conserved in the shifted and unshifted signal, in contrast to other four-wave mixing processes such as parametric amplification and phase conjugation, where the transfer of photons from pump(s) to signal results in excess noise [1] . For this reason, it has attracted attention in the context of quantum photonics, where it can be applied to wavelength multiplexing in quantum communications or quantum information processing, and to aligning an optical signal with the operating wavelength of a quantum memory or spin-photon interface [3] . The frequency translation of single-photon level signals and heralded single photons has been demonstrated in a photonic crystal fiber [4] and in highly nonlinear fibers [5] [6] [7] .
Recently, FWM-BS has been demonstrated in photonic chips, such as silicon nitride waveguides [3, 8] , silicon nitride ring resonators [9] , and silicon waveguides [10] [11] [12] . Silicon waveguides, in particular, benefit from a narrow Raman peak at around a 15 THz separation, which is easily avoided whereas, in silica fibers, the broad spontaneous Raman scattering of the (a) Signal is blueshifted using FWM-BS, powered by two pump lasers. The up and down arrows denote the flow of energy into or out of a particular frequency. (b) FWM-BS can also occur in the other direction, with the signal redshifted and the flow of energy between the pumps reversed. (c) When the polarization of one of the pumps is rotated by 90°, the χ 3 tensor dictates that the shifted signal must also be rotated [13] . Here, the orientation of the arrows also indicates polarization. (d) For the corresponding redshifting process, the waveguide's birefringence creates a large phase mismatch (d k), so this process is forbidden and FWM-BS is uni-directional. pumps creates noise photons. This could allow the integration of noiseless frequency conversion into more complex photonic devices, for use in classical or quantum communication and information processing. Since the length scale is considerably shorter in these chips compared to fibers, the phase-matching condition for FWM-BS is relaxed considerably. Unfortunately, this also means that undesired processes are more likely to be phase matched; in particular, for small shifts, FWM-BS becomes frequency bi-directional [ Fig. 1(b) ], and the signal can be redshifted or blueshifted with roughly equal probability. At higher pump powers, multiple scattering orders can occur, with some of the signal being shifted by an integer multiple of the intended shift. This has limited the conversion efficiencies achieved in integrated devices, because some of the signal is shifted to unintended wavelengths; this lack of control over the output wavelength could also result in undesired interference when multiple channels are present.
In this Letter, we show that a bi-directional FWM-BS process in a silicon waveguide can be made uni-directional by rotating the polarization of one of the pump lasers by 90°, such that the birefringence of the waveguide creates a far larger phase mismatch for the unintended direction than for the intended one, shown in Figs. 1(c) and 1(d). The dimensions of the waveguide are chosen to provide a relatively low birefringence, such that the intended direction is still close to phase matched, while being sufficient to suppress the unintended direction. This configuration should also prevent multiple scatterings; the converted signal is orthogonally polarized to the input signal for this process [13] , so it is not phase matched to be shifted a second time. With all the signal and pumps at telecom wavelengths, we observe frequency shifts of 300 GHz with extinction ratios up to 20 dB between the intended and unintended directions. To the best of our knowledge, this is the first use of cross-polarized FWM-BS in waveguide geometry. This could lead to efficient and controlled wavelength conversion between WDM channels in integrated devices, and enable frequency beam splitters as proposed in [14] , coupling together two frequency modes in a unitary transformation for quantum logic gates.
The phase mismatch for red-and blueshifting FWM-BS, in general, can be written as
Here, k in and k out refer to the propagation constants of the input and output signals, with k p1 and k p2 those of the longer and shorter wavelength pumps, respectively. Assuming that d k red and d k blue start from approximately zero in the co-polarized case and ignoring all dispersion of the refractive indices, the effect of rotating k p2 , and, hence, creating k out on the orthogonal axis, is to create phase mismatches given by
Here, ω out and ω p2 refer to the angular frequency of the output signal and the shorter wavelength pump, and Δn is the effective index difference between the two polarization modes. d k red is far larger than d k blue in this case, because it is proportional to the sum of the two angular frequencies involved, rather than the difference, so the redshifting process is suppressed compared to the blue. The experimental setup is shown in Fig. 2 . A mode-locked laser (MLL), with a 25 nm bandwidth centered near 1550 nm and a 40 MHz repetition rate, passes through a spectral pulse shaper (SPS) that filters it into three channels: pump 1 (p1) and pump 2 (p2), at 1559.7 and 1557.3 nm, respectively, and a weaker signal (s) at 1539.7 nm. The pump bandwidths were 0.1 nm, and the signal bandwidth was 0.2 nm, corresponding to pulse lengths of 35 ps and 18 ps, respectively. All three channels pass through an erbium-doped fiber amplifier (EDFA). An arrayed waveguide grating with channel spacing of 100 GHz (0.8 nm) is used to divide up the channels; then individual polarization controllers are applied in each channel. Variable attenuators are used to control the power of each of the pumps, and 99:1 directional couplers and a dual channel power meter are used to monitor their input power. Variable delay lines in each pump channel and a fixed delay line in the signal channel are used to resynchronize the pulses before they are recombined by a second WDM. Lensed fibers are used to couple the light in and out of the silicon waveguide, and the output is measured by an optical spectrum analyzer (OSA).
The silicon waveguide has a height of 3 μm, a width of 1.875 μm, and a length of 1 cm [15] . This results in an effective nonlinear coefficient γ 5.5 W −1 m −1 , a birefringence of Δn 2.65 × 10 −3 , and a small normal dispersion for both polarizations. Although a larger effective nonlinearity could be obtained in a silicon nanowire, the stronger confinement would also result in a very large birefringence, which would mean that FWM-BS with cross-polarized pumps would not be phase matched in either direction. We find that this larger silicon waveguide has a suitable birefringence to suppress one direction of FWM-BS while allowing the other. At each facet, this waveguide, which is multi-mode, is tapered into a singlemode rib waveguide, ensuring that light is injected into and Fig. 2 . Experimental setup consists of a broadband MLL followed by a SPS, which filters it into two pump pulses (p1 and p2) and a signal (s). All three go through an EDFA. A wavelength de-multiplexer (WDM) splits the channels, so that they can go through separate polarization controllers (PCs). The power of each pump is controlled by a variable attenuator (Att.) and monitored using a 1% directional coupler and a dual-channel power meter (PM). The pulses are resynchronized by variable delay lines (vDLs) in each pump channel and a fixed delay line (fDL) in the signal channel; then they are combined by a second WDM. Using lensed fibers, they are coupled in and out of a 1 cm silicon waveguide, where FWM-BS occurs, and then the output is measured by an OSA. [16] . This resulted in coupling losses of around 1.5 dB per facet, while propagation losses are expected to be low based on measurements of longer waveguides, around 0.2 dB in total.
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Initially, the polarizations of all three channels were aligned with the TM mode of the waveguide, and the input pump power was increased while keeping the power balanced between the two pumps. Figure 3(a) shows the measured conversion efficiency, as a function of the peak power of each pump, into the red-and blueshifted sidebands. These are separated from the input signal by 300 GHz (2.4 nm), equal to the frequency separation between the two pumps. Here, conversion efficiency is defined as the ratio between the output power in a single sideband and the power at the original frequency when both pumps are switched off. It can be seen that the two conversion efficiencies are nearly equal, demonstrating that in this configuration FWM-BS is bi-directional, and that the dispersion alone is too weak for phase matching to favor one direction over the other. A quadratic function is fitted to the data points at lower powers; at higher powers, the data points fall below this line, due to the onset of nonlinear losses in the silicon waveguide [17] . Figure 3 (b) shows the measured output spectrum at the maximum input pump power (1.8 mW average power per pump, corresponding to 0.87 W peak power per pump). The spectrum of the signal can be seen in the left half at shorter wavelengths. The conversion efficiencies here are 1.2% in the redshifted sideband and 1.3% in the blueshifted sideband, limited by the available pump power. Peaks can also be seen at a separation of 600 GHz from the input signal in both directions, showing that double scattering is occurring, even at these powers. The pump spectrum can be seen on the right half of the plot, i.e., at longer wavelengths. As well as the two input pumps at 1557.3 and 1559.7 nm, new side peaks have been generated by stimulated four-wave mixing between the pumps. If these four-wave mixing peaks spread too far, they can contaminate the signal with background, which is especially problematic for quantum applications, where the signal may be at the single or few-photon level.
Next, the polarization of p1 was rotated to be aligned with the TE mode of the waveguide, at 90°to p2 and the signal. There is a reduction in conversion efficiency compared with the co-polarized case for the same pump power, because the element of the χ 3 tensor connecting orthogonal polarizations is a factor of three smaller. More importantly, Fig. 3(c) shows that the blue-shifted sideband is suppressed compared to the redshifted sideband, due to the effect of birefringence on phase matching. Figure 3(d) shows the measured spectrum at the highest pump power and the corresponding spectrum when the input signal is rotated to the TE mode. It can be seen that in this second case the situation is reversed, and the redshifted sideband is suppressed. In either case, an extinction ratio of 15 dB is seen between the intended and unintended directions.
At low conversion efficiencies, the reduction in conversion efficiency due to phase matching can be estimated as sinc 2 d k · L∕2. Based on propagation constants taken from a mode-solver simulation of the waveguide, this efficiency in the allowed direction (for either case) should only be reduced by around 1 dB from the perfectly phase-matched case, while the forbidden direction should be suppressed by over 40 dB. The observed extinction ratios of 15 dB may be limited by imperfect alignment of the input polarizations with the axes of the waveguide, and may also be affected by nonlinear terms in the phase matching which appear if there is a slight imbalance between the two pump powers. Figure 3 (d) also shows that less stimulated four-wave mixing occurs between the two cross-polarized pumps, compared to the co-polarized pumps in Fig. 3(b) . The first pair of pump sidebands is suppressed by around 20 dB, which is more than would be expected from the change in nonlinear coefficient alone, demonstrating that this process is not phase matched. This could be beneficial in avoiding contamination of the signal by the pumps; at higher powers or larger nonlinearities, the stimulated four-wave mixing between pumps can cascade, creating a series of side peaks which will eventually overlap with the signal. If this process is not phase matched, the cascading of side peaks should be suppressed to a large extent.
Next, the input polarizations of the pumps were swapped over, so that p1 was aligned with the TM mode and p2 with the TE mode. Figure 4(a) shows the measured spectra at maximum pump power for both choices of input signal polarization. Now, when the signal is TM polarized, the redshifted sideband is suppressed and, when it is TE polarized, the blueshifted sideband is suppressed. Some decrease in efficiency in the intended direction is observed, compared to Fig. 3(d) ; this is expected from the phase mismatches, with predicted reductions of around 3 dB from perfect phase matching. In this current case, we can think of the slight phase mismatch coming from group-velocity dispersion as adding on to the phase mismatch coming from the birefringence whereas, in the former cross-polarized case, the dispersive phase mismatch helped to cancel out the birefringent phase mismatch. Even higher extinction ratios with the unintended direction are predicted in this configuration (>50 dB) and, indeed, the observed extinction ratios are improved, at around 20 dB, to the point where they are partly limited by the background noise in the measurement.
Finally, we made a polarization-resolved measurement of the output spectrum, using an additional polarization controller and a fiber polarizer placed after the silicon waveguide so as to isolate first the TE mode, then the TM mode on the OSA. This is to confirm that the converted signal is orthogonal to the input as expected, which is necessary for multiple scatterings to be suppressed by the birefringent phase matching. The results are shown in Fig. 4(b) , for the case where the input signal is TE polarized, and the redshifted signal should appear in the TM mode. The input signal at 1539.7 nm only shows a polarization extinction ratio of around 16 dB, probably limited by unpolarized background originating from the EDFA. This background is evenly distributed in time and, thus, is not expected to participate in the FWM-BS process because it is poorly overlapped with the short pump pulses. On the other hand, the shifted signal at 1542 nm shows a polarization extinction ratio >20 dB, limited by the background level of the measurement. Since the shifted light is highly polarized in the TM mode, it should not be possible for it to redshift a second time; it should be better phase matched to blueshift back to the original wavelength. Hence, with improved conversion efficiencies, FWM-BS with cross-polarized pumps could be used to realize a frequency beam splitter, as proposed in [14] , which couples together only two frequency modes in a unitary transformation.
Currently, conversion efficiencies are low, <1%, due to the relatively low effective nonlinearity and short length of the silicon waveguide. However, we were limited only by the available pump power, which was orders of magnitude below the damage threshold of silicon [18] . Hence, reasonably efficient conversion could be achieved by using several watts of peak power in each pump, though nonlinear losses would still be a limit to efficiency [10] . The cross-polarized scheme could also be applied in other materials, where nonlinear loss is not a limiting factor. To achieve efficient conversion at moderate pump powers, increasing the length of the waveguide (or using a highly nonlinear and highly birefringent silicon nanowire) is not desirable, because then cross-polarized FWM-BS would also be increasingly suppressed by phase matching for the intended direction. However, a waveguide with a more symmetric cross section and, thus, a smaller birefringence would allow a longer length and more efficient FWM-BS. It may also be possible to combine the cross-polarized pumping with the approach of [8, 9] , where efficiencies were increased by moving from a straight waveguide to a ring resonator.
In conclusion, we have demonstrated that, by using cross-polarized pump lasers, a uni-directional FWM-BS process is possible, even when the dispersion of the nonlinear medium is too small to impose any directionality on the co-polarized case. Unidirectionality is necessary in order to achieve frequency translation with full efficiency, and, by imposing full control on the output wavelength, could avoid unwanted interference between separate wavelength channels. This technique could lead to highly efficient and low noise conversion between WDM channels in integrated photonic chips, for applications in classical or quantum communications and information processing. Fig. 3(d) . When the signal polarization is rotated, it can be shifted in the red or blue directions, with around 20 dB of extinction between the intended and unintended directions. (b) Polarization-resolved measurement of the redshifting case, demonstrating that the shifted light at 1542 nm is of the opposite polarization to the input signal at 1539.7 nm. The blue trace corresponds to the TE mode of the waveguide, and the green trace corresponds to the TM mode.
